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ABSTRACT

FLUID RELEASE DURING ECLOGITE FORMATION, NORTH QAIDAM
TERRANE, WESTERN CHINA
by
Jake Matthew Meyer
June 2016
Ultrahigh-pressure (UHP, depths ≳100 km) eclogite samples from the Dulan area
of the North Qaidam Terrane, western China, preserve evidence of fluid release along a
prograde pressure-temperature (P-T) path. Eclogite sample D126A, Grt + Omp + Qtz +
Zo + Amp + Phe + minor Rt + Hem, contains garnet porphyroblasts that preserve strong
Ca zoning, recording higher core values (Grs34), lower inner mantle values (Grs25),
increasing outer mantle values (Grs28), and lower rim values (Grs26). Isochemical phase
diagrams (pseudosections), assuming H2O saturation, produce a P-T path constrained by
multiple points. The P-T path begins at ~16 kbar, <400 °C and reaches peak P conditions
at ~28.5 kbar, ~675 °C. A P reversal on the prograde path is interpreted to represent an
episode of exhumation, followed by further subduction (yo-yo subduction), but, the P
reversal may also be an artifact of chemical disequilibrium within garnet zones. The P-T
path ends at retrograde conditions estimated between ~17-21 kbar, ~611-675 °C.
Predicted fluid release rates from D126A are highly variable along the P-T path.
Assuming a subduction rate of 14 km/Myr (Cascadia subduction rate), fluid release rates
increase as the P-T path crosses the terminal stability boundary of hydrous minerals.
iii

Fluid release rates spike at ~560 kg/m3/Myr at the stability limit of amphibole and ~510
kg/m3/Myr at the stability limit of lawsonite. Such spikes in fluid release rates are
interpreted to increase the availability of fluid, which could promote zircon
recrystallization, and therefore zircon ages may be likely to record spikes in fluid release
rates along the P-T path. The spikes in fluid release rates could promote the migration of
fluids long distances, increase fluid pressures that result in seismic failure, and increase
mass transfer into the mantle wedge.
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CHAPTER I
INTRODUCTION
Fluids in subduction zones enhance element mobility and reaction kinetics and
play important roles in arc magmatism, seismicity, and element recycling into the mantle
(Fig. 1; Austrheim, 1987; Tsujimori et al., 2006; Bebout, 2007), but observational
constraints for fluid processes are scarce. Ultrahigh-pressure (UHP, depths ≳100 km)
metamorphic rocks may preserve a record of fluid loss from subducting slabs, and when
combined with experimentally determined phase relationships, provide data that constrain
fluid processes in subduction zones (Hermann et al., 2013). During subduction, slabs of
oceanic or continental crust experience increased pressure (P) and temperature (T)
accompanied by the dehydration of hydrous minerals. At depths >150 km, portions of the
subducting slab can detach and exhume to the surface either up the down-going slab
(Mancktelow, 1995; Dobretsov, 2000) or by diapiric flow through the overlying crust
(Cloos, 1993; Wang and Cong, 1999; Hacker, 2005). Exhumed samples can be studied in
order to understand the fluid release record of rocks that have undergone subduction and
exhumation. In this study, eclogite samples are used to investigate the P-T conditions and
rates of dehydration as the slab reached, and exhumed from, UHP conditions.
UHP conditions are indicated by presence of the high-pressure silica polymorph
coesite (Coe; see Table 1 for all mineral abbreviations) or coesite pseudomorphs,
enclosed in high strength minerals (Hacker and Peacock, 1995; Chopin, 2003). Coesite
was first discovered in crustal rocks in the Dora-Maira massif of the Western Alps
(Chopin, 1984; Fig. 2) and in the Western Gneiss Region of Norway (Smith, 1984; Fig.
2). Coesite is only stable at mantle depths (>27 kbar at >600 °C, corresponding to depths
1

Figure 1: A: Sketch of an oceanic-continental convergence zone, which illustrates key
structural features and dehydration of the subducting slab (not to scale). The blue arrows
indicate addition of slab derived fluids to the mantle wedge. The black arrows indicate
rising melt. The red dashed lines represent the trend of mantle isotherms. Fluid released
from the subducting slab would promote melting of the mantle and the generation of arc
magmas. B: Schematic petrogenetic grid that compares phase stability for MORB (blue)
and peridotite (red) compositions. Refer to Table 1 for abbreviations. Modified from
Schmidt and Poli (1998) and Poli and Schmidt (1995, 1997).

of >100 km; Fig. 3; Liou et al., 2004), therefore, coesite discoveries are evidence of rocks
that have been subducted to UHP conditions. UHP metamorphic terranes have been
documented in >30 locations, and inferred in ~10 more locations around the world
(Gilotti, 2013; Fig. 2). The UHP terrane considered for this study is the Dulan area of the
2

Figure 2: Map of ultrahigh-pressure (UHP) terranes on Earth. Solid symbols indicate
confirmed coesite or diamond. Open symbols show localities where UHP metamorphism
is inferred from pseudomorphs or calculated P-T conditions. North Qaidam is highlighted
in the upper right with a confirmed coesite marker. Modified from Gilotti, 2013.

3

Figure 3: Metamorphic facies diagram. Geotherm of 5°C/km is indicated by a red line.
GS = greenschist facies. AM = amphibolite facies. EA = epidote-amphibolite facies. GR
= granulite facies. HGR = high-pressure granulite facies. BS = blueschist facies. Amp-EC
= amphibolite-eclogite facies. Ep-EC = epidote-eclogite facies. Lw-EC = lawsoniteeclogite facies. Dry EC = dry eclogite facies. Jd = jadeite. Qtz = quartz. LAb = lowtemperature albite. HAb = high-temperature albite. After Liou et al. (2004).

North Qaidam terrane, Western China (Fig. 2). Dulan eclogites are hosted in continental
crust (felsic gneiss), but have experienced P-T conditions similar to subducted oceanic
crust (Yang et al., 2001a, 2002a; Song et al., 2003b; Zhang et al., 2010b; this study) and
4

therefore provide P-T and other constraints applicable to subducting oceanic slabs. The
buoyancy of the surrounding continental crust exhumed the eclogite to the surface,
allowing the opportunity to study eclogite rarely exhumed from UHP depths.
Detailed experimental, theoretical, and observational studies, investigating
average mid-ocean ridge basalt (MORB) compositions, provide important insights into
the processes that drive the dehydration of subducting slabs that experience UHP
conditions. Dehydration of subducted crust occurs over a wide P-T range and is
dependent on the stability range of hydrous minerals (Pawley and Holloway, 1993;
Schmidt and Poli, 1998). The depth and rate of dehydration are partially determined by
the thermal gradient of the subducting slab; high thermal gradients (younger, high T
slabs) release fluids at shallower depths, <70 km, whereas lower thermal gradients (older,
low T slabs) release at deeper depths, up to 150 km (Liu et al., 1996). Given a high T
subducting slab, the majority of dehydration from oceanic crust is expected to occur at
the blueschist-eclogite facies transition (Fig. 3) in association with the breakdown of
lawsonite, amphibole (glaucophane), and chlorite (Peacock, 1993). For the majority of
intermediate to cold subducting slabs, large amounts of dehydration occur between
approximately 90-110 km, based on the stability fields of amphibole, zoisite/clinozoisite,
and lawsonite (Forneris and Holloway, 2003).
Many experimental and theoretical studies have been designed to pinpoint the P-T
conditions of dehydration (e.g. Peacock, 1993; Liu et al., 1996; Schmidt and Poli, 1998;
Kerrick and Connolly, 2001; Baxter and Caddick, 2013), but natural samples can
preserve markers that record dehydration of a rock and can be linked to primary fluid
production. While previous studies have focused on mineral sources for H2O, the
5

anhydrous mineral garnet is a co-product phase that can record multiple dehydration
reactions (Baxter and Caddick, 2013). Individual zones of garnet are capable of recording
whole-rock dehydration, as well as recording the P-T path (Groppo and Castelli, 2010).
Garnet zone compositions can be combined with thermodynamic models to calculate
changes in P-T conditions and the dehydration history of a sample during subduction
(Dragovic et al., 2012; Baxter and Caddick, 2013).
Computer-generated thermodynamic models have been used to calculate the
stability region of hydrous phases and the distribution of H2O throughout a subducting
slab of average MORB composition, as well as estimate the P conditions at which slab
dehydration occurs along variable thermal gradients (Kerrick and Connolly, 2001;
Hacker et al., 2003a; Baxter and Caddick, 2013). Baxter and Caddick (2013) use
thermodynamic models to study the connection between garnet growth and fluid
production from subducting slabs along warm and cool geotherms (Cascadia [North
America] and Honshu [Japan], respectively). These authors find the breakdown of
hydrous minerals, such as lawsonite, amphibole, chlorite, and epidote, strongly contribute
to garnet growth, particularly between ~14 and 30 kbar. However, Baxter and Caddick
(2013) only investigate subducting slabs of average pelitic sediment and hydrated MORB
compositions. The presented study addresses slab dehydration along a P-T path
calculated from a Dulan eclogite sample in order to accurately estimate where, and at
what rate, slab dehydration can occur.
In addition to garnet, zircon is another mineral that is influenced by mineral
dehydration and is an important accessory mineral for monitoring fluid-related processes
in UHP rocks (Rubatto and Hermann, 2003, 2007; Harley et al., 2007; Hermann et al.,
6

2013). During metamorphism, zircon is predicted to undergo varying degrees of
growth/recrystallization when fluids are present (Chen et al., 2010). Models of fluid
production can predict what parts of the P-T path may be most favorable for zircon
growth/recrystallization, which provides a connection between zircon ages and specific
locations along the P-T path. The connection between zircon growth/recrystallization and
increases in fluid release rate, investigated in this study, has not been studied in detail
before.
This study addresses the following questions concerning the dehydration of three
eclogite rock samples from the Dulan area in the North Qaidam terrane. (1) What mineral
textures and chemical zoning are present and what P-T conditions do they record? (2)
What are the peak P conditions? (3) Where does dehydration occur and how does the
dehydration rate change along the P-T path? and (4) What are the implications for zircon
geochronology from fluid release information? To answer these questions, P-T paths
were calculated using a thermodynamic modeling program that utilizes whole-rock and
mineral geochemical data. The P-T path for one sample records an apparent P reversal
interpreted to represent yo-yo subduction (Rubatto et al., 2011), but may be a remnant of
chemical disequilibrium during garnet growth (Chernoff and Carlson, 1999). Dehydration
rates along the D126A P-T path were calculated using subduction rates that represent the
Central Cascadia (North America) and North Honshu (Japan) subduction zones (Syracuse
and Abers, 2006; Syracuse et al., 2010). Subduction rates from Central Cascadia and
North Honshu were chosen because they represent warm, slow versus cool, fast
subduction, respectively, thereby bracketing a wide range of dehydration rates. Increases
in fluid release rates, associated with the breakdown of amphibole and lawsonite, are
7

interpreted to increase the availability of fluids, which in turn promote the
recrystallization of zircons (Rubatto and Hermann, 2003, 2007; Harley et al., 2007;
Hermann et al., 2013).

8

CHAPTER II
BACKGROUND
Previous Work on Subduction Zone Dehydration
Previous studies on subduction zone dehydration investigated the source of H2O
for subduction zone magmatism by examining the stability zones of hydrous minerals
through numerical simulations (Peacock, 1991; Grove et al., 2009) and piston cylinder
experiments (Pawley and Holloway, 1993; Poli and Schmidt, 1995; Schmidt and Poli,
1998). The studies find that slab dehydration is controlled by the stability limits of
hydrous phases, such as amphibole, chlorite, etc. (controlled by thermodynamic
properties; Fig. 1), and P-T conditions within the slab (controlled by slab dip angle and
convergence rate). Slab dehydration is continuous throughout a subducting slab,
occurring within metasedimentary and metabasaltic rocks on the slab top and upper
mantle rocks deeper in the slab (Hacker, 2008). Of the total H2O within a given
subduction slab, ~56% of the H2O is subducted to sub-arc depths, <40 kbar (Hacker,
2008). At such depths, the H2O released from the slab contributes to intermediate depth
earthquakes (Hacker et al., 2003b; England et al., 2004; Syracuse and Abers, 2006) and
the production of arc magmas (Grove et al., 2009, 2012). The majority of the H2O
released at sub-arc depths is derived from metabasaltic rocks. In contrast, the majority of
H2O within sedimentary rock is released at shallow depths, <10 kbar, and that in upper
mantle rock is subducted to postarc depths, >40 kbar (Hacker, 2008). Dulan eclogites,
that have a basaltic protolith, provide an opportunity to study the dehydration of
metabasaltic rocks that have been subducted to sub-arc depths.

9

A study conducted by Groppo and Castelli (2010) used samples of lawsonite
eclogite from the Monviso meta-ophiolite (Western Alps) to investigate the thermal and
metamorphic evolution of paleosubduction zones. This study provides slab dehydration
data that differ from most other previous studies in that it examines exhumed eclogite
samples, rather than samples with average MORB composition. Using thermodynamic
models, Groppo and Castelli (2010) reconstructed the prograde P-T path of an eclogite
sample (steep, cold subduction) and found it experienced significant dehydration during
the breakdown of chlorite and lawsonite, releasing up to 3 wt.% of its whole-rock H2O.
The Monviso eclogites provide information on the P-T path of eclogites that formed at
lower P-T conditions (16 kbar, 420°C to 25-26 kbar, 550°C), but more work needs to be
conducted on eclogites that have experienced UHP conditions. Previous studies of Dulan
eclogites have constrained P-T estimates for eclogite facies metamorphism and UHP
conditions (e.g. Song et al., 2003a; Mattinson et al., 2006, 2007; Zhang et al., 2010b),
which makes the Dulan area an ideal location to study the prograde P-T path and
dehydration history of deeply subducted crustal rocks.
Geologic Setting of the Dulan Area
The North Qaidam UHP terrane, located in the north Tibetan Plateau, is a major
NW-SE trending terrane that records Early Paleozoic continental collision (Yang et al.,
2001b; Mattinson et al., 2007). The field area is named after the local town of Dulan,
located in the southeast area of the map (Fig. 4A). Eclogite occurs within the Dakendaban
Group gneiss, both north and south of the Shaliu River (Fig. 4B). The Dakendaban gneiss
includes paragneiss, orthogneiss, schist, and local ultramafic rocks, with minor marble
and amphibolite (Mattinson et al., 2006, 2007). Eclogite layers and boudins are enclosed
10

Figure 4: Study area maps. A: Map of China with box outlining the study area of this
research (“study area” box), trends of major mountain ranges (dashed lines), and a
schematic map of the Qaidam-Qilian-Altyn Tagh region displaying major tectonic units
and locations of eclogite and garnet peridotite. The yellow box near the town of Dulan, in
the lower right hand corner, highlights the location of the Dulan field area. Modified from
Mattinson et al. (2006). B: Geologic map of the Dulan field area. Locations of samples
are highlighted with filled white circles. Modified from Mattinson et al. (2007).
11

Figure 5: Dulan area field photo showing eclogite lenses enclosed within felsic gneiss
(Mattinson et al., 2006).

in both para- and orthogneiss (Fig. 5) and are aligned with the foliation of the
surrounding gneiss. The presence of coesite, and coesite pseudomorphs, has been well
documented in the North Qaidam terrane, indicating the region has experienced UHP
conditions (Fig. 4; Yang et al., 2001a; Song et al., 2003a, 2003b; Zhang et al., 2009a,
2010b).
Previous Work on Dulan UHP Rocks
Ultrahigh-pressure conditions were confirmed in the Dulan area of the North
Qaidam terrane by the discovery of coesite in eclogite (Zhang et al., 2009a) as well as
coesite in felsic gneiss (Yang et al., 2002b; Song et al., 2003a). Eclogite from the Dulan
area is characterized by the peak mineral assemblage Grt + Omp + Rt ± Qtz/Coe ± Ep ±
Phe ± Ky. The peak P conditions of UHP rocks, estimated by Grt-Omp-Phe (± Ky)
12

thermobarometry and zirconium in rutile (Zr-in-Rt) thermometry, present an overall UHP
P-T range of 26-32 kbar and 610-800 °C (Table 2; Fig. 6; Yang et al., 2001a; Song et al.,
2003a; Zhang et al., 2008, 2009a, 2009b, 2010a; Regel, 2014).
Peak P conditions are important constraints for determining the prograde P-T path
of samples from the Dulan area; however, prior studies have mainly focused on UHP P-T
conditions, and few have quantitatively described the prograde P-T path of UHP rocks.
13

Figure 6: Summary of previous P-T estimates for Dulan UHP eclogites. Average values
span 610 – 800 °C and 26 – 32 kbar. Retrograde samples consist of eclogite, gneiss, and
garnetite. Average values span 502 – 678 °C and 8 – 22 kbar. The points represent
average temperatures and pressures reported by the listed authors. Modified from Regel
(2014).
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One study by Zhang et al. (2010a) calculates the prograde P-T path for a sample from the
Dulan area by using Zr-in-Rt thermometry from rutile inclusions within the core and rim
zones of garnet to constrain the beginning and peak T, respectively. Grt-Amp-Pl-Qtz
barometry was used to constrain the beginning P and additional constraints come from
Song et al. (2003b), which document peak P estimates (Fig. 6; green path). The Zhang et
al. (2010a) P-T path exhibits a nearly isothermal increase in P during garnet growth
covering a P range from lower crustal (amphibolite-facies; ~10 kbar) to mantle (eclogitefacies; ~30 kbar) conditions (Fig. 6; green path). However, this P-T path is very different
from predictions made by slab thermal models that show simultaneous P and T increases
during subduction (Syracuse et al., 2010). The Zhang et al. (2010a) P-T path is also
inconsistent with an interpreted lawsonite pseudomorph within a garnet porphyroblast of
a Dulan eclogite (Mattinson et al., 2006; see petrographic observations of D5A in
Results). The Zhang et al. (2010a) nearly isothermal P-T path suggests lawsonite was not
stable during subduction, while the lawsonite pseudomorph is evidence that lawsonite
was stable. More detailed studies need to be conducted to more accurately constrain the
prograde P-T path of the Dulan metamorphic rocks, an objective this study works to
address.
Previous studies on retrograde conditions are relatively few compared to peak P
estimates, but have been conducted on eclogite and gneiss samples from the Dulan area
(Song et al., 2003b; Regel, 2014; Fagin, 2015). Zr-in-Ttn thermobarometry and
thermodynamic modeling of a mafic band in a calc-silicate gneiss predicts nearly
isothermal retrograde conditions from peak P conditions (Fig. 6; Fagin, 2015). Song et al.
(2003b) estimated two retrograde P-T paths from eclogite samples using Grt-Cpx
15

thermometry and Grt-Hbl-Pl-Qtz barometry/Grt-Hbl thermometry (Table 2). One
retrograde P-T path is nearly isothermal (Fig. 6; purple path) while the other shows
decreasing P and increasing T followed by decreasing P and T (Fig. 6; orange path). The
present study examines the retrograde P-T conditions of the observed mineral assemblage
of the Dulan eclogite sample D126A and provides new retrograde constraints that add to
the previous Dulan area studies.
Ages of UHP metamorphism recorded in Dulan rocks, determined from zircon UPb and whole-rock Sm-Nd geochronology, yield an age range of 422-459 Ma (Song et
al., 2003a, 2003b; Mattinson et al., 2006; Zhang et al., 2008, 2009a, 2009b, 2010b).
These ages are interpreted to represent eclogite-facies metamorphism and indicate that
eclogite facies conditions (HP and UHP) were maintained for a span >35 Ma (Mattinson
et al., 2006; Zhang et al., 2010b). U-Pb data of coesite-bearing zircons in eclogites from
the Dulan region yield ages of ~440 Ma (Zhang et al., 2009b) and 430-446 Ma (Zhang et
al., 2010b), and those lead to the interpretation that UHP conditions continued for at least
23 ± 7 Ma (Zhang et al., 2010b).
Previous work on the samples used in this study, D5A, D5B (Mattinson et al.,
2006), and D126A (Regel, 2014), include mineral chemistry, zircon U-Pb
geochronology, trace element analysis (D5A, D5B, and D126A), and Zr-in-Rt
thermometry (D126A). Zircons from samples D5A and D5B record weighted mean U-Pb
ages of 448.9 ± 2.2 Ma and 432.5 ± 4.7 Ma, respectively, and contain inclusions of
garnet, omphacite, and rutile, suggesting zircon grew during eclogite-facies
metamorphism (Mattinson et al., 2006). REE analysis of the zircons show no Eu
anomalies and flat HREE patterns. These indicate metamorphism in the absence of
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plagioclase and significant growth of garnet, thus suggesting zircon growth in the
eclogite-facies (Rubatto, 2002; Rubatto and Hermann, 2003; Mattinson et al., 2006). The
core of a garnet in D5A contains blocky, polycrystalline clinozoisite inclusions
interpreted as lawsonite pseudomorphs (Mattinson et al., 2006), that in turn suggests cold
subduction (Poli and Schmidt, 1995), and significant fluid release from the breakdown of
lawsonite is interpreted to cause the recrystallization of zircon (Mattinson et al., 2006).
The presented study examines the P-T conditions where lawsonite, and other hydrous
minerals such as chlorite and amphibole, breakdown and increase slab fluid release rates.
The increased fluid release rates provide the H2O needed for zircon recrystallization, and
the U-Pb age recorded in the recrystallized zircon provides an age for a specific location
along the P-T path.
Zircons from sample D126A record a weighted mean U-Pb age of 432.6 ± 4.0 Ma
(Regel, 2014), and REE analysis of D126A zircons show no Eu anomaly and flat or
negative HREE slopes, which, similar to D5A and D5B, indicate an absence of
plagioclase and that significant garnet growth competed for HREE (Rubatto, 2002;
Rubatto and Hermann, 2003; Regel, 2014). Zr-in-Rt thermometry records an average Zr
concentration of 158 ppm and yields a peak T of 677 ± 15 °C, at 30 kbar (Regel, 2014),
which closely resembles peak metamorphic conditions of 669-675 °C, 29-32 kbar from a
similarly located eclogite from Zhang et al. (2010a).
P-T Estimates: Inverse and Forward Modeling
The P-T conditions of prograde and peak metamorphism can be determined using
forward and/or inverse modeling techniques. Forward modeling is the process of
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predicting mineral assemblages, abundances, and compositions over a designated P-T
range based on the input of bulk-rock compositions and the choice of solution models.
The resulting models are known as isochemical phase diagrams, or pseudosections,
which provide the P-T range of stable mineral assemblages and their associated
compositions and minerals abundances (Hirsch et al., 2012). Thermodynamic datasets
used for forward modeling are continuously increasing and improving how metamorphic
petrologists interpret metamorphic processes (Powell and Holland, 2010a). For example,
computer programs such as Perple_X (Connolly and Petrini, 2002) use a database that
contains thermodynamic properties for a wide range of mineral end-members and activity
models to describe how energy is balanced between the end-members and the
intermediate compositions (Hirsch et al., 2012). Despite their limitations (i.e. no reliable
models for Ti, Fe3+, Cl, or F end-member phases), forward modeling methods produce
useful information for understanding the P-T stability ranges of mineral assemblages.
Unlike forward modeling, inverse modeling is the process of calculating the
intersection of barometry (e.g. Grt-Omp-Phe) and thermometry (e.g. Grt-Omp) reactions
to define a specific P-T condition (e.g. peak metamorphism) based on mineral
compositions and specific reactions calculated from thermodynamic datasets. Inverse
modeling uses reactions involving specific minerals (such as Grt and Omp) and does not
utilize the compositions or abundances of other minerals outside of the reactions. The
technique also does not depend on the bulk-rock compositions (Powell and Holland,
2010b). This method can be executed in thermodynamic modeling programs, such as
THERMOCALC, in order to produce a sole P-T value for a set of specific mineral
compositions (Spear and Peacock, 1989).
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Forward and inverse modeling methods can be performed together to accurately
calculate the P-T path and peak P conditions, of eclogite samples (Štípská and Powell,
2005). The presented investigation uses forward modeling to calculate fluid release along
a P-T path, and inverse modeling to better constrain peak P conditions.
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CHAPTER III
METHODS
Mineral Chemistry
Mineral identities and textural relationships were documented from thin sections
(two for D126A, one for D5B, and one for D5A) with a petrographic microscope at
Central Washington University to define equilibrium relationships and select locations
for X-ray. Utilizing the JEOL 8500F field emission electron microprobe (EMP) at the
GeoAnalytical Lab of Washington State University, X-ray maps were produced to select
locations for quantitative analysis and to highlight the changes in abundance of Ca, Fe,
Mg, Mn, and Na. Low keV X-ray maps (5.0 keV) were produced for symplectite textures
and highlight changes in the abundance of Ca, Mg, and Na. Select elements were
assigned RGB (red-green-blue) colors to construct three-element images to document
compositional zoning.
After documenting compositional zoning from X-ray maps, candidate minerals
with few cracks and inclusions, especially those that display representative compositional
zoning (or lack thereof), were chosen for quantitative analysis using the EMP. Transects
range from 5 to 50 points that were spaced 4-60 µm apart depending on the mineral size.
The transects traversed either from core to rim, outer rim to inner rim, or across the entire
mineral grain (see Table 4A, C2, and D1). The distance between analysis points near
grain boundaries, specifically in garnet, decreased to record near-boundary compositional
gradients. Individual quantitative analyses were selected from transects to represent entire
mineral grains or core, mantle, and rim regions. The criteria for selecting points along
transects were based on element X-ray maps, analytical totals, stoichiometry,
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backscattered electron (BSE) mosaics (acquired using the EMP), and petrographic
inspection, i.e. regions uncontaminated by inclusions of other minerals or cracks in the
grain. The resulting compositional data were used for mode-based reconstructions of
bulk-rock geochemistry, the comparison of mineral compositional isopleths, and as input
for modeling.
Whole-Rock Chemistry
Whole-rock compositions were measured with ThermoARL Advant’XP+ X-ray
fluorescence spectrometer (XRF) in the geoanalytical lab of Washington State University
(Table 3). Only sample D126A underwent XRF analysis due to insufficient sample sizes
for both D5A and D5B. Chips of sample D126A were crushed in a rock chipper and
ground to a powder in a tungsten carbide swing mill. Three and a half grams (3.5 g) of
the sample were weighed and mixed together with 7.0 g of spec pure dilithium tetraborate
(Li2B4O7). The mixed contents were emptied into a graphite crucible and loaded into a
muffle furnace at 1000°C for 20 minutes, to allow for sample fusion, then cooled into
glass beads. The glass bead was reground in the swing mill, returned to the graphite
crucible and refused at 1000°C for 30 minutes. Following the second fusion and cooling,
the bead was labeled with a diamond engraver and polished to provide a smooth, flat
surface for analysis. Whole-rock analysis of sample D126A included 10 major elements
and 19 trace elements. Loss-On-Ignition (LOI) analysis was also conducted to measure
the amount of volatiles that were lost while in the furnace.
Reconstructed Bulk-Rock Compositions
The average EMP mineral chemistry data (Table 4B, C3, and D2) and the modal
abundances of minerals (Table 5), estimated from the thin sections, were used to
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calculate the mode-based reconstructed bulk-rock compositions (Table 6 and C1). The
reconstructed bulk-rock compositions account for compositional changes throughout
zoned minerals (i.e. garnet) and may give more representative information than data from
XRF analysis, assuming the sample is heterogeneous. For calculations, see Appendix A.
For modal abundance estimates, BSE mosaics of each sample were loaded onto
the image processing program JMicroVision (v.1.2.7). With the program, mineral
populations were highlighted based on their grey scale intensity and the program
26

27

28

calculated the percentage of surface area each mineral population covered. For minerals
that display compositional zoning, such as garnet, the same process was conducted to
estimate the modal abundance of each zone. X-ray maps that display the abundance of
Ca, given its stronger compositional zoning than Fe, Mg, or Mn, were used to measure
each zone’s abundance. For minerals that were hard to distinguish on the BSE images,
abundances measured by JMicroVision were adjusted 1-5% based on modal abundance
estimates using a petrographic microscope. These values assume area percent abundance
is equal to volume percent abundance. This technique is a good approximation for X-ray
maps and BSE mosaics that contain a large number of mineral grains (e.g. D126A), but
may be less accurate for images with only a few grains (e.g. D5A and D5B).
Pseudosections
Pseudosection models were calculated using the computer program Perple_X
(v.6.7.1, Connolly and Kerrick, 2002; Connolly and Petrini, 2002; Connolly, 2005;
thermodynamic database hp02ver.dat from Holland and Powell, 1998) to constrain the
relevant P-T conditions for each sample (list of solid solutions in Tables 7 and C4; for
example see Fig. 21). Perple_X uses the thermodynamic principle that phases of a system
that have the lowest amount of free energy are in equilibrium, and therefore stable. Using
this principle, Perple_X calculates the most thermodynamically stable mineral
assemblage by calculating the energy of each possible phase in a particular P-T range and
selecting the phase assemblage with the minimum Gibbs free energy (Connolly and
Petrini, 2002). Mass balance constraints are then used to determine the abundance of
phases that are in equilibrium and are applicable for a particular bulk-rock composition
(Connolly and Petrini, 2002).
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Solid solution minerals pose complications for calculating free energy because
energy changes with composition. To address this issue, Perple_X models solid solution
minerals by subdividing each mineral into a large number of pseudocompounds with
fixed compositions. These pseudocompounds approximate all the possible compositions
for a specific solid solution mineral (Connolly and Petrini, 2002). Perple_X then treats
the pseudocompounds in the same way as fixed composition phases in the minimization
calculation. Next, the program selects the compound with the lowest free energy for the
composition of the system. After the stable minerals and solid solution compounds have
been calculated, they are displayed on a P-T grid that separates regions based on mineral
assemblages (Powell and Holland, 2010).
Pseudosections were calculated from the reconstructed bulk-rock compositions of
samples D126A, D5A, and D5B (Table 8). Pseudosections for D126A using XRF bulkrock data were similar to those calculated using the reconstructed bulk-rock composition
(see Fig. B1). Each model was run assuming H2O saturation, based on hydrous
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assemblages. Approximately 100 Perple_X models were completed; only models that
predict observed mineral assemblages will be discussed in this paper (success evaluated
by Table 9). Each pseudosection model is based on the chemical system that is most
appropriate to represent the mineral assemblage for each sample (see Results).
The subduction (prograde) P-T path for sample D126A was originally calculated
by modeling the intersections between isopleths of garnet endmembers almandine (Fe),
pyrope (Mg), and grossular (Ca) that represent the compositions of each garnet zone, core
to rim, similar to other studies (e.g. Groppo and Castelli, 2010). However, because Fe and
Mg have higher diffusional rates than Ca, the Fe and Mg concentrations in the garnet may
no longer reflect primary growth conditions (See D126A Mineral Chemistry Results;
Caddick et al., 2010). To address this problem, the prograde P-T path was calculated by
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modeling the intersections between the garnet vol.% and grossular isopleths for each
zone (see Fig. 22). Given the slow diffusional rate of Ca (Caddick et al., 2010), the
grossular contents in the garnet zones are assumed to retain the original garnet growth
compositions.
Constraints for the peak P conditions of sample D126A were calculated using the
intersection between the Zr-in-Rt temperatures (Tomkins et al., 2007; Regel, 2014) and
isopleths representing the maximum Si in phengite calculated from the pseudosection.
Further refinement of maximum P-T conditions was obtained using Grt-Phe-Cpx
thermobarometry (Ravna and Terry, 2004), along with average P-T (avePT) using the
program THERMOCALC (Powell and Holland, 1988), a thermodynamic calculation
program for solving mineral equilibria problems with activities calculated using the
program AX (Holland and Powell, 1998).
Whole-Rock Fluid (H2O) Release Rates
The rate of H2O release along the P-T path of D126A was determined by
calculating the relative mass flux of H2O out of the sample during subduction. The mass
flux of H2O was calculated from properties, predicted by Perple_X, along the P-T path of
D126A, such as H2O wt.%, whole-rock density, mineral abundances, etc. (see Table 10).
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Whole-rock H2O content (kg/m3) was calculated by multiplying the whole-rock density
by the whole-rock H2O wt.%, predicted by Perple_X, for multiple points along the P-T
path (see Table 10). The rate of fluid release (expressed in kg/m3/Myr) was then
calculated by dividing the difference in H2O content of two adjacent points by the
difference in the ages of the adjacent points (Myr). This age difference, or duration, was
calculated for multiple points along the P-T path by dividing depth (km), converted from
P, by the subduction rate (km/Myr) of the Central Cascadia and North Honshu subduction
zone (Syracuse and Abers, 2006; Syracuse et al., 2010; see Results), which represent
warm and cool subduction zones, respectively.
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CHAPTER IV
RESULTS
Petrography and Mineral Chemistry
D126A (Zoisite Eclogite)
Zoisite eclogite D126A contains Grt + Omp + Qtz + Zo + Amp + Phe + minor Rt
+ Hem (Table 5). Garnet (≤ 1 mm) occurs as clusters around omphacite and as inclusions
within zoisite (Figs. 7 and 8). Boundaries between omphacite grains are replaced by
minor symplectite (Fig. 8). Zoisite (1-10 mm) is the largest observed mineral and
contains inclusions of garnet, omphacite, and quartz (Fig. 8). Phengite is present in two
populations: smaller (10-30 µm) crystals occur as inclusions within omphacite, and larger
(330-480 µm) crystals occur within quartz rich regions (Fig. 8). Quartz rich regions
overprint the eclogite-facies assemblage (Fig. 7). Secondary veins of quartz, amphibole,
epidote, and plagioclase cut across the eclogite-facies assemblage and zoisite
porphyroblasts.
X-ray maps of D126A (Fig. 9) display compositional changes of garnet
porphyroblasts (core, inner mantle, outer mantle, and rim), defined by changes in Ca, Fe,
and Mg. Garnet zoning is very prominent in Ca maps, with multiple porphyroblasts
showing high concentrations of Ca in the core and lower concentrations in the rim with a
Ca increase between the inner and outer mantle zones (Figs. 9 and 10; Table 4; see
Discussion). Fe and Mg record similar trends to one another (higher Fe per formula unit;
pfu), showing low concentrations in the garnet core and high concentrations in the garnet
rim with a decrease in concentration between the inner and outer mantle zones, and a
higher Fe/Mg ratio in the core relative to the rim (Fig. 10). Between the core and rim
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Figure 7: D126A BSE mosaic. Image brightness is proportional to the average atomic
number. Used with JMicroVision (http://www.jmicrovision.com/) to estimate mineral
modal abundances. Some minerals outlined in yellow.
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Figure 8: D126A mineral assemblage and mineral relationships. (A and B)
Photomicrographs documenting the mineral assemblage Grt + Omp + Phe. Small Phe
crystals are present as inclusions within Omp. (C and D) Photomicrographs documenting
the mineral assemblage Grt + Omp + Qtz + Phe. Large Phe crystals are hosted within a
quartz rich region. (E and F) Photomicrographs documenting the mineral assemblage Grt
+ Omp + Qtz + Zo. Large Zo porphyroblasts contain inclusions of small idiomorphic Grt
porphyroblasts. Minimal symplectite throughout the sample. A, C, E: Plain-polarized
light image. B, D, F: Cross-polarized light image. See Table 1 for mineral abbreviations.
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Figure 9: D126A X-ray maps. (A and B) Compositional zoning of small garnet
porphyroblasts along the top. A: RGB X-ray map, Red = Fe, Green = Mg, Blue = Ca.
Higher intensity of a color = higher abundance of that element. B: Ca X-ray map; lighter
colors show higher concentrations of Ca. Enlarged image outlines garnet zones in yellow.
Smaller Grt porphyroblasts record a reduced rim zone, or lack a rim zone completely (see
Fig. B4). Arrows show transect analysis locations (Fig. 10 and 11). (C and D) Possible
Coe pseudomorph inclusion between the mantle and rim zone of a Grt porphyroblast. C:
RGB X-ray map, Red = Fe, Green = Mg, Blue = Ca. D: Ca X-ray map. Enlargement is a
BSE image of a Grt porphyroblast with inclusion of possible Coe pseudomorph.
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Figure 10: D126A compositional profiles. A: Garnet, located in Fig. 9A, B (Grt1). B:
Garnet (with coesite pseudomorph inclusion), located in Fig. 9C, D (Grt2). C:
Omphacite, located in Fig. 9A, B (Omp1). The pink lines labeled with analysis number
identify analyses (Table 4A). Gaps in the data represent data points that were removed
because they were not consistent with the mineral composition (i.e. the spots overlapped
cracks or inclusions).
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zones of one garnet porphyroblast is a tabular, monocrystalline quartz inclusion,
interpreted as a coesite pseudomorph (Figs. 9C and D, Grt2; see Discussion). Some
garnet porphyroblasts record a reduced rim zone, suggesting some garnets may have
experienced resorption (see Discussion). Omphacite and phengite display no
compositional zoning (Figs. 10 and 11). The small phengite inclusions in omphacite
contain higher concentrations of Si than the large phengite inclusions in quartz (Figs. 11
and 12). Mode-based bulk-rock calculations reveal that D126A, compared to D5A and
D5B, has the lowest Al2O3, FeO, MnO, and MgO, but the highest SiO2, CaO, and K2O
(Table 8).
D5B (Amphibole Eclogite)
Eclogite D5B contains Grt + Omp + intergrowths of Ms and Bt (likely Phe
pseudomorphs) + minor Amp + Rt + Ep + Ap + Ilm + Zrn (Table 5). The sample is
composed largely of garnet (~60%) and omphacite (~35%) (Table 5). Garnet
porphyroblasts (5-10 mm) contain inclusions of omphacite, pale gray amphibole, apatite,
rutile, and zircon (Fig. 13). Minor growths of symplectite, composed of clinopyroxene,
amphibole, and plagioclase, form between omphacite grain boundaries (Fig. 14). Rutile
(<0.5-2.5 mm) inclusions within garnet contain inclusions of ilmenite (Fig. 14). Pale
green amphibole is present around grain boundaries of garnet. Veins of amphibole,
epidote, calcite, plagioclase, and opaque minerals cut across the eclogite-facies
assemblage.
X-ray maps of D5B (Fig. 15) show large garnets that display compositional
zoning (core, mantle, and rim), defined by changes in Ca, Fe, and Mg. Garnet zoning is
weekly preserved, with Fe abundance decreasing from core to rim and Ca and Mg
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Figure 11: D126A phengite compositional profiles. A & B: Phengite inclusions within
omphacite, located in Fig. 9A and B (Phe1 and Phe2). C: Phengite within quartz rich
regions, located in Fig. B3 (Phe3). The pink lines labeled with analysis number identify
analyses (Table 4A) and Si isopleths in pseudosections (Fig. 22 and 26). Gaps in the data
represent data points that were removed because they were not consistent with the
mineral composition (i.e. the spots overlapped cracks or inclusions).
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Figure 12: D126A phengite Si vs Mg/(Mg+Fe) contents along transects of multiple
phengite crystals. See Table 4B for data. Phengite grains located in Figs. 9 and B3.

abundance slightly increasing from core to rim (Figs. 15 and 16; see Table C2). Garnet
rims display compositional zoning separate from the whole garnet. The garnet rim zones
are identified as the inner zone (closest to the garnet core), the middle zone
(intermediate), and the outer zone (outer-most zone of the rim). The garnet rim zoning is
very prominent, showing relatively high concentrations of Ca in the inner rim and lower
concentrations in the outer rim (Fig. 16; see Table C2). Fe and Mg record similar trends,
with lower concentrations in the inner rim and higher concentrations in the outer rim, but
a nearly constant Fe/Mg ratio (Fig. 16). Omphacite, similar to that in D126A, displays no
compositional zoning (Fig. 16). Mode-based bulk-rock calculations reveal D5B,
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Figure 13: D5B garnet porphyroblasts. (A and B) Photomicrographs documenting the
mineral assemblage Grt + Omp + Amp. Note the abundance and size of Grt
porphyroblasts. (C and D) Enlarged photomicrographs of A and B, documenting the
mineral assemblage Grt + Omp + Rt. A, C: Plain-polarized light image. B, D: Crosspolarized light image. See Table 1 for mineral abbreviations.

compared to D5A and D126A, has the lowest abundance of SiO2, CaO, and Na2O, but the
highest abundance of Al2O3, TiO2, FeO, and MgO (Table 8).
D5A (Clinozoisite-bearing Amphibole Eclogite)
Eclogite D5A contains Grt + Omp with minor Amp + Czo + Rt + Zrn (Table 5).
Grt porphyroblasts (<1-4 mm) contain inclusions of omphacite, clinozoisite, rutile, and
zircon. Fractures through garnet are filled with amphibole and minor epidote. Symplectite
textures of sodic augite, amphibole, and plagioclase grow between the boundaries of
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Figure 14: D5B mineral relationships. (A and B) Photomicrographs document large Rt
crystals with Ilm inclusions. (C and D) Photomicrographs document Ilm inclusions
within Rt grains. (E and F) Photomicrographs document symplectite texture between
Omp grain boundaries. A, C, D, E: Plain-polarized light image. B, F: Cross-polarized
light image. See Table 1 for mineral abbreviations.
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Figure 15: D5B X-ray maps. (A and B) Compositional zoning of a large garnet
porphyroblast. A: RGB X-ray map, Red = Fe, Green = Mg, Blue = Ca. higher intensity of
color = higher abundance of that element. B: Ca X-ray map; lighter colors show higher
concentrations of Ca. (C and D) Enlargement of compositional zoning in garnet rim zone.
C: RGB X-ray map, Red = Fe, Green = Mg, Blue = Ca. D: Ca X-ray map. Arrows show
transect analysis locations (Fig. 16).
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Figure 16: D5B compositional profiles. A: Garnet, located in Fig. 15A-D (Grt1a and b).
B: Garnet (rim), located in Fig. 15C and D (Grt2). C: Omphacite, located in Fig. 15A and
B (Omp1). The pink lines labeled with analysis number identify analyses (Table C2).
Gaps in the data represent data points that were removed because they were not
consistent with the mineral composition (i.e. the spots overlapped cracks or inclusions).
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omphacite grains (Figs. 17 and 18). Clinozoisite inclusions in garnet display a
polycrystalline texture and blocky shape, and are interpreted as possible lawsonite
pseudomorphs (Fig. 19; see Discussion). Rutile that are not inclusions within garnet have
developed ilmenite growths, while rutile inclusions within garnet are free of ilmenite.
Pale green amphibole is present around garnet grain boundaries. Veins of amphibole,
minor epidote, plagioclase, calcite, chlorite, hematite, and opaque minerals cut across the
eclogite-facies assemblage. Zircon occurs as inclusions in garnet, omphacite, and epidote.

Figure 17: D5A mineral relationships. (A and B) Photomicrographs document the
mineral assemblage Grt + Omp and extensive symplectite growth between crystals of
Omp. A: Plain-polarized light image. B: Cross-polarized light image.

X-ray maps of D5A (Fig. 18) show garnet porphyroblasts that display
compositional zoning (core and rim), defined by changes in Ca, Fe, and Mg. Garnet
zoning is very prominent in Ca maps, showing low concentrations of Ca in the core and
higher concentrations in the rim (Figs. 18 and 20; see Table D1). Fe shows high
concentrations in the garnet core and low concentrations in the rim, Mg concentration
increases through the core, but decreases in the rim zone (Fig. 20; Table D1). Omphacite
displays no compositional zoning, similar to samples D126A and D5B, with symplectic
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Figure 18: D5A X-ray and low-keV X-ray maps. (A and B) Compositional zoning of
garnet. A: RGB X-ray map, Red = Fe, Green = Mg, Blue = Ca. Higher intensity of a
color = higher abundance of that element. B: Ca X-ray map; lighter colors show higher
concentrations of Ca. Arrows show transect analysis locations (Fig. 20). (C and D) RGB
low keV (5.0 keV) X-ray maps, Red = Na (Pl), Green = Mg (Amp), Blue = Ca (Cpx).
Low keV X-ray maps document symplectite that grows between omphacite grain
boundaries.
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Figure 19: D5A mineral assemblage and lawsonite pseudomorph. (A and B)
Photomicrographs document the mineral assemblage Grt + Omp + Amp + Czo. The
inclusion is polycrystalline Czo, interpreted as a lawsonite pseudomorph. (C and D)
Enlarged image of Lws pseudomorph. A,C: Plain-polarized light image. B, D: Crosspolarized light image. The circular holes are LA-ICPMS analyses. See Table 1 for
mineral abbreviations.

growth between omphacite grains (Figs. 18 and 20). Symplectite zones are 7-70 µm wide
across omphacite boundaries and are composed of clinopyroxene, amphibole, and
plagioclase (Figs. 18C and 18D). Mode-based bulk-rock calculations reveal D5A,
compared to D5B and D126A, has the lowest abundance of TiO2 and K2O, but the
highest abundance of MnO and Na2O (Table 8).
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Figure 20: D5A compositional profiles. A: Garnet, located in Fig 18A and B (Grt1a and
b). B: Omphacite, located in Fig. 18A and B (Omp3). The pink lines labeled with
analysis number identify analyses (Table D1). Gaps in the data represent data points that
were removed because they were not consistent with the mineral composition (i.e. the
spots overlapped cracks or inclusions).
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Pseudosections, P-T Estimates, and P-T Paths
The following sections describe the pseudosection model and the calculated P-T
paths for sample D126A. The pseudosection for D126A was calculated from the
reconstructed bulk-rock composition using the observed mineral assemblage (Table 8)
over a P-T range of 10-35 kbar and 350-800 °C. Two pseudosections were calculated for
D5B, both from the reconstructed bulk-rock composition using the observed mineral
assemblage (see Appendix C; Figs. C1 and C2; Table 8). One of the D5B models
incorporates whole garnet compositions (see Fig. C1) and the other incorporates only
garnet rim compositions (see Fig. C2). No P-T paths for D5B will be discussed due to the
lack of an intersection between garnet vol.% and grossular isopleths that represent garnet
rim, or rim outer zone, compositions. No pseudosection for D5A will be discussed due to
Perple_X’s inability to accurately model the sample’s composition (see Appendix D; Fig.
D1). For general descriptions of input, output, and varied parameters, refer to Table 9.
Below, each section addresses the justification for including/excluding input, describes
the output, constrains the P-T estimates, and for sample D126A, describes the calculated
P-T path.
D126A Pseudosection
The system MnNCKFMASHO (MnO-Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2H2O-O2) was modeled for D126A (Table 8, Fig. 21). MnO was included because it is an
important component in garnet especially at the lower P-T conditions of initial garnet
growth. O2 (0.02 wt%) was added to the compositional system to represent 2%
(Fe3+/Fetotal), enabling the pseudosection to predict epidote. Additional O2 concentrations
were tested, representing 0%, 5%, and 10% of Fe3+/Fetotal. 0% and 5% Fe3+/Fetotal did not
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Figure 21: D126A pseudosection mineral assemblages. Model of chemical system
MnNCKFMASHO (see Table 8), assuming H2O saturation. The observed mineral
assemblage is patterned. Mineral-in boundaries are colored and labels are positioned on
the side of the line in which the mineral is present.
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yield significantly different field boundaries/assemblages compared with the 2%
Fe3+/Fetotal diagram. The 10% Fe3+/Fetotal diagram predicted kyanite at high P-T
conditions, but there is no evidence that kyanite was present.
To evaluate the possible impact of changes in the bulk-rock composition due to
disequilibrium fractionation, which is recorded in the zoning of garnet in D126A (Figs. 9
and 10), a separate model was calculated so the garnet input only included average rim
zone compositions (see Fig. B2; Table 4B, Grt rim). The only notable change in field
boundaries/assemblages is movement of the assemblage Grt-Omp-Phe-Coe to higher P-T
conditions. The model also predicts no significant change in the P-T conditions of garnet
rim composition as compared to the unfractionated model.
A preliminary pseudosection was calculated using XRF whole-rock compositions
(see Fig. B1; Table 3), but it predicts results similar to the pseudosection calculated using
reconstructed bulk-rock compositions (Table 8). Because samples D5B and D5A have
only reconstructed bulk-rock compositions, all pseudosections discussed were calculated
using reconstructed bulk-rock compositions.
D126A Prograde P-T Paths
Two prograde P-T paths (path 1 and path 2) for D126A were determined by
calculating the intersections between garnet Ca (grossular: Grs) and garnet mode
isopleths that represent the core, inner mantle, outer mantle, and rim of two garnet
porphyroblasts (Figs. 22 and 23, points 1-5). Both P-T paths were calculated from garnet
porphyroblasts that are interpreted to preserve all of the observable garnet zones and
whose compositions are interpreted to represent all garnets in the sample (Fig. 9;
Grt1=path 1 and Grt2=path 2). Throughout the pseudosection, garnet mode isopleths
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Figure 22: D126A path 1 (Grt1) and isothermal retrograde path. The observed mineral
assemblage is patterned. Maximum isopleth values portrayed as dotted lines and
minimum isopleth values portrayed as bold lines. Points 1-5 represent garnet vol% and
grossular abundance for core to rim zones. For peak P constraints (point 6) refer to Fig.
25. Points 7 and 8 fall on either side of the Lws-out/Zo-in boundary. Si in Phe isopleths
correspond to EMP analysis points 708 and 723 (Table 4A). Point 9 estimates retrograde
P-T conditions.
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Figure 23: D126A path 2 (Grt2) and isothermal retrograde path. The observed mineral
assemblage is patterned. Maximum isopleth values portrayed as dotted lines and
minimum isopleth values portrayed as bold lines. Points 1-5 represent garnet vol% and
grossular abundance for core to rim zones. The large blue ellipse at point 5 covers the
range of grossular values in the garnet rim zone. For peak P constraints (point 6) refer to
Fig. 25. Points 7 and 8 fall on either side of the Lws-out/Zo-in boundary. Si in Phe
isopleths correspond to EMP analysis points 708 and 723 (Table 4A). Point 9 estimates
retrograde P-T conditions.
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increase as P-T increases while garnet Ca generally decreases as P-T increases. Path 1
begins at the intersection of the garnet in/out boundary (0 vol.% Grt with 32.7-34.6% Grs
at ~16 kbar and ~370 °C; Fig. 22, point 1; Table 10). Garnet growth continues to the
inner mantle composition (13.2 vol.% Grt with 25.2-25.6% Grs at ~26 kbar and ~530 °C;
Fig. 22, point 3; Table 10). Garnet growth continues to the outer mantle composition (20
vol.% Grt with 28.2-28.4% Grs at ~25 kbar and ~565 °C; Fig. 22, point 4; Table 10).
Garnet growth ends at the rim composition (30.4 vol.% Grt with 26-26.7% Grs at ~26
kbar and ~610 °C; Fig. 22, point 5; Table 10). Path 2 follows a similar P-T path, with
garnet growth beginning at the garnet in/out boundary (0 vol.% Grt with 31.4-34.4% Grs
at ~16 kbar and ~365 °C). Garnet growth continues to inner mantle composition (13.2
vol.% Grt with 26.3% Grs at ~25.5 kbar and ~530 °C). Garnet growth continues to outer
mantle composition (20 vol.% Grt with 27.5-27.8% Grs at ~25 kbar and ~560 °C). Garnet
growth ends at the rim composition (30.4 vol.% Grt with 23.1-26.4% Grs at ~28±2 kbar
and ~610 °C). Intersections between garnet modal abundance and grossular isopleths
increase with P-T, with the exception of the transition from inner to outer mantle where P
apparently decreases (see Discussion). Due to similarities between P-T path 1 and path 2
(Fig. 24), path 1 will be referred to for additional properties along the P-T path for the
remainder of the study.
Peak P conditions were determined by locating the intersection between
maximum silica in phengite (Si in Phe) isopleths and the zirconium in rutile (Zr-in-Rt)
temperature (Tomkins et al., 2007). Traverses from multiple phengite grains document
two populations of phengite (Fig. 12). One population, present as inclusions in
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Figure 24: D126A path 1 (Grt1) and path 2 (Grt2) comparison. Field boundaries and P-T
paths from Figs. 21, 22, and 23. The observed mineral assemblage is patterned. Mineralin boundaries are colored and labels are positioned on the side of the line in which the
mineral is present. Model compares prograde P-T path 1 (black line; Fig. 22) with
prograde P-T path 2 (white line; Fig. 23). The large blue ellipse covers the range of
grossular values in the garnet rim zone.
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omphacite, record maximum Si values of 3.418-3.424 pfu. The other population, hosted
in quartz rich regions, record maximum Si values of ~3.3 pfu. Only maximum Si values
from phengite in omphacite were used to determine peak P conditions. The Zr-in-Rt
calculations use Zr values from Regel (2013) and two equations from Tomkins et al.
(2007), one for the α-quartz field and the other for the coesite field (below and above the
Qtz/Coe boundary). The intersection between the maximum Si in Phe isopleths and Zrin-Rt thermometer locates the peak P conditions for D126A (path 1 and 2) at 28.5 kbar
and 675 °C (Fig. 25). The predicted mineral assemblage at peak P conditions is Grt +
Omp + Phe + Lws + Coe and is bounded by the lawsonite-in and coesite-in/quartz-out
boundaries (Figs. 21, 22, and 23).

Figure 25: D126A peak P. A: Peak P conditions denoted by the intersection between the
Zr-in-Rt thermometer isopleth (yellow, with 10 °C error band; Tomkins et al., 2007) and
max Si-in-Phe isopleths (pink dashed and solid line are the range of max Si in Phe grains
Phe1 (461) and Phe2 (471); Fig. 11 and Table 4A). B: Peak P conditions (A) relative to
the intersection between the Grt-Omp-Phe barometer (green), the Grt-Omp thermometer
(blue), and THERMOCALC avePT (red, with error in P).
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Peak P conditions were further constrained by Grt-Omp-Phe thermobarometry,
calculated using the calibration of Ravna (2000) and Ravna and Terry (2004), and avePT
calculations from THERMOCALC (Powell and Holland, 1994). Both the Grt-Omp-Phe
thermobarometer and avePT calculations involved multiple different compositions of the
observed mineral assemblage to cover a wide range of inputs (see Table B1 & B2). The
plots for both the Grt-Omp-Phe thermobarometer and the avePT calculation intersect,
within error, at the peak P conditions determined by the maximum Si in Phe and Zr-in-Rt
thermometer isopleth intersections (Fig. 25).
D126A Retrograde P-T Paths
Retrograde conditions are preserved in the observed rock mineral assemblage (Grt
+ Omp + Qtz + Zo + Phe + Amp) and are bounded by the zoisite-in/lawsonite-out,
amphibole-in, and a portion of the chlorite-out boundaries (Fig. 21). Retrograde P-T
conditions of D126A were constrained by the intersection between garnet and zoisite
mode isopleths that represent the observed mineral assemblage (Figs. 22 and 23). Zoisite
mode isopleths increase as P-T decreases, opposite of garnet mode isopleths (Table 10).
The garnet and zoisite mode isopleth intersection occurs between 27-33% garnet and 9.510.5% zoisite at ~17-19 kbar and ~655-695 °C, producing a nearly isothermal retrograde
P-T path (Figs. 22 and 23; Table 10).
A cooling retrograde P-T path, proposed after discussion with C.J. Wei at the
2015 GSA meeting in Baltimore, MD, follows the lawsonite/zoisite boundary before
crossing into the Grt + Omp + Qtz + Zo + Phe + Amp field at ~30 vol.% garnet (Fig. 26).
Unlike the first retrograde path, the cooling path experiences both decreasing P and T
followed by a short episode of nearly isothermal decompression to the presently observed
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Figure 26: D126A path 1 (Grt1) and cooling retrograde path. The observed mineral
assemblage is patterned. Maximum isopleth values portrayed as dotted lines and
minimum isopleth values portrayed as bold lines. Points 1-5 represent garnet vol% and
grossular abundance for core to rim zones. For peak P constraints (point 6) refer to Fig.
25. Points 7 and 8 fall on either side of the Lws-out/Zo-in boundary. Si in Phe isopleths
correspond to EMP analysis points 708 and 723 (Table 4A). Point 9 estimates retrograde
P-T conditions.
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mineral assemblage. The end point of the cooling path terminates with ~30 vol.% garnet
and ~12 vol.% zoisite at ~21 kbar and 611 °C (Fig. 26; Table 10).
Dehydration/Rehydration Rates along the D126A P-T Path
Whole-rock dehydration in sample D126A, along P-T path 1, is accompanied by
increasing garnet abundance (Table 10; Figs. 22 and 27). At the beginning of the P-T
path, ~16 kbar and ~370 °C (Table 10: Fig. 27, point 1), garnet begins to grow (0%) and
the whole-rock contains 5.14 wt.% H2O. Point 2 (Table 10; Fig. 27), ~25 kbar and ~510
°C, is an interpolated point that represents the extent of garnet core growth. By point 2 the
P-T path has crossed the chlorite-out boundary, decreasing H2O to 3.94 wt.% as garnet
increased to ~10 vol.%. By point 3 (Table 10; Fig. 27), ~26 kbar and 530 °C, H2O has
decreased to 3.46 wt.% as garnet increased to ~14 vol.%. Between points 3 and 5 is
where D126A loses ~2.05 wt.% H2O, a large amount of the sample whole-rock H2O. At
point 4 (Table 10; Fig. 27), ~25 kbar and 565 °C, H2O has decreased to 2.64 wt.% and
garnet has increased to ~21 vol.%. At point 5 (Table 10; Fig. 27), ~26 kbar and 610 °C,
the P-T path has crossed the amphibole-out boundary, H2O has decreased to 1.41 wt.%,
and garnet has increased to ~31 vol.%. At peak P conditions (Table 10; Fig. 27, point 5),
~28.5 kbar and 675 °C, H2O has decreased to 0.51 w.t% and garnet has increased to ~42
vol.%.
H2O release and garnet growth along D126A path 1 were compared to P-T paths
calculated from thermal models of Central Cascadia and North Honshu with D126A
pseudosection data (Fig. 27; Syracuse et al., 2010; identified as Cascadia and N.E. Japan
for the remainder of the study). As a function of T, H2O release and garnet growth occur
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Figure 27: D126A whole rock H2O content and P-T path. Field boundaries and P-T path
from Figs. 21 and 22. Thermal models of slab-top P-T paths for Cascadia and NE Japan
(Syracuse et al., 2010) are displayed as dashed white lines (Cascadia = slow, hot
subduction; NE Japan = fast, cold subduction).
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gradually along all three P-T paths, however H2O release and garnet growth along
D126A path 1 is similar to the N.E. Japan path (Fig. 28). As a function of P, H2O release
and garnet growth along the Cascadia path occurs gradually, while significant H2O
release and garnet growth along D126A path 1 and the N.E. Japan path is concentrated in
a narrow P range, ~25-26 kbar for D126A path 1 and ~26-27 kbar for the N.E. Japan path
(Fig. 29). The rate of dehydration was calculated by applying the subduction rates of
Cascadia and N.E. Japan, from Syracuse and Abers (2006), to D126A path 1. To account
for the apparent P reversal in D126A path 1 (Fig. 27, points 3 and 4; Table 10), the rate of
P decrease was assumed to be the same as the rate of P increase. The Cascadia and N.E.
Japan subducting slabs were chosen because they are examples of warm (Cascadia) and
cool (N.E. Japan) subduction zones. Cascadia is a young slab, ~6.9 Ma at the trench ,
with a vertical component subducting at a rate of 14.2 km/Myr (Syracuse and Abers,
2006). N.E. Japan is a much older slab, ~129.3 Ma at the trench, with a vertical
component subducting at a faster rate of 39.2 km/Myr (Syracuse and Abers, 2006). The
Cascadia P-T path plots at lower P conditions than D126A (10 to ~26.5 kbar and ~400 to
800 °C; Fig. 27) while the N.E. Japan P-T path plots at higher P conditions than D126A
(~26 to 35 kbar and 350 to ~700 °C; Fig. 27).
From the start of garnet growth to peak P, subduction of D126A occurs over
different time intervals (0-3.3 Ma, Cascadia; 0-1.2 Ma, N.E. Japan), which results in
correspondingly higher dehydration rates using the N.E. Japan subduction rate relative to
the Cascadia subduction rate (Figs. 30 and 31). For the remainder of the text, only the
dehydration rates calculated using the Cascadia subduction rate will be referenced. Initial
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Figure 28: H2O release and Grt growth as a function of T. Compares D126A P-T path 1
(A) with P-T paths calculated from thermodynamic models for the Cascadia (B) and N.E.
Japan (C) subduction zones (Syracuse et al., 2010). All P-T paths use data from the
D126A pseudosection.
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Figure 29: H2O release and Grt growth as a function of P. A: D126A P-T path 1 pressure
reversal occurs between 25-26 kbar (Fig. 22). Compares D126A P-T path 1 (A) with P-T
paths calculated from thermodynamic models for the Cascadia (B) and N.E. Japan (C)
subduction zones (Syracuse et al., 2010). All P-T paths use data from the D126A
pseudosection.
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H2O release rates are low at the beginning of the prograde path (~0.2-2 kg/m3/Myr; Figs.
27, 30, and 31), but increase as chlorite reaches its stability limit (~60 kg/m3/Myr; Figs.
27, 30, and 31). Another, much larger increase in H2O release rate occurs as amphibole
reaches its stability limit (~560 kg/m3/Myr; Figs. 27, 30, and 31). H2O release rates are
lower, then gradually increase as the P-T path reaches peak conditions (~72 kg/m3/Myr;
~28.5 kbar, ~675 °C), at which point garnet has increased to 42% abundance and
lawsonite has decreased to ~4% abundance. Small discontinuities (Figs. 30 and 31,
between the Chl and Amp terminal stability limits) occur where the slope of the path
becomes shallower during and after the P reversal. These discontinuities are artifacts of
the limited number of points on the P-T path, but do not affect the major dehydration
trends, or the spike associated with the amphibole stability limit.
Along the isothermal retrograde path, dehydration continues until lawsonite,
which has been breaking down since chlorite-out, reaches its stability limit, resulting in a
large spike in dehydration rate (~510 kg/m3/Myr; Figs. 27 and 30), and zoisite (~3%)
enters the system (Fig. 30). As exhumation continues, the sample is predicted to slowly
rehydrate at a rate between ~2-3 kg/m3/Myr if H2O is available, which would cause the
garnet abundance to decrease. The rehydration rate is predicted to increase when the
amphibole reenters the system (~35-45 kg/m3/Myr; Figs. 27 and 30). Assuming H2O is
available on the retrograde path, the sample reaches its present mineral assemblage at ~18
kbar, 675 °C with garnet decreasing to ~30%, zoisite increasing to ~10%, and amphibole
increasing to ~9% of the bulk rock composition.
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Figure 30: A: D126A fluid release rate vs. duration over path 1 and the isothermal
retrograde path. The extent of hydrous mineral stabilities is displayed at the top: Lws
(blue), Amp (purple), Chl (green), Zo (yellow). Breaks in the Grt abundance line (red)
represent the vol% of Grt zones, peak P-T conditions, and present rock composition.
Each x- and y-axis represents H2O release rates and time calculated from Cascadia and
N.E. Japan subduction rates. B: Whole-rock H2O and Grt, Lws, Amp, Chl, and Zo
abundance (y-axes) vs. duration (x-axes). Duration was calculated from Cascadia and
N.E. Japan subduction rates (see text).
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Figure 31: A: D126A fluid release rate vs. duration over path 1 and cooling retrograde
path. The extent of hydrous mineral stabilities is displayed at the top: Lws (blue), Amp
(purple), Chl (green), Zo (yellow). Breaks in the Grt abundance line (red) represent the
vol% of Grt zones, peak P-T conditions, and present rock composition. Each x- and yaxis represents H2O release rates and time calculated from Cascadia and NE Japan
subduction rates (different scale from Fig. 30). B: Whole-rock H2O and Grt, Lws, Amp,
Chl, and Zo abundance (y-axes) vs. duration (x-axes). Duration was calculated from
Cascadia and N.E. Japan subduction rates (see text).
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Figure 32: D126A Whole-rock H2O content and P-T path, cooling retrograde path. Field
boundaries and P-T path from Figs. 21 and 26. The observed mineral assemblage is
patterned. Thermal models of slab-top P-T paths for Cascadia and NE Japan (Syracuse et
al., 2010) are displayed as dashed white lines (Cascadia (below) = slow, shallow
subduction; NE Japan (above) = fast, steep subduction).
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The cooling retrograde path, assuming H2O is available, experiences rehydration
at a rate that slowly decreases from ~30 to ~15 kg/m3/Myr following the lawsonite/zoisite
boundary (Figs. 31 and 32). The slow rehydration of the sample causes garnet to decrease
and lawsonite to increase in abundance (Fig. 31). Assuming H2O is available, rehydration
rate increases to ~215 kg/m3/Myr when amphibole reenters the system at ~24 kbar, 615
°C (Figs. 31 and 32), at which point lawsonite abundance has increased to ~9% of the
bulk rock (Fig. 31). As the retrograde path crosses terminal lawsonite stability, the rate of
dehydration spikes (~1585 kg/m3/Myr; Figs. 31 and 32) and zoisite (~9%) becomes
stable. The present rock assemblage is reached at ~21 kbar, 610 °C with a bulk rock
composition containing ~30% garnet, ~15 % amphibole, and ~12 % zoisite (Fig. 31). The
two retrograde P-T paths predict different exhumation and fluid release histories for
D126A, but result in the same observed mineral assemblage.
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CHAPTER V
DISCUSSION
P-T Estimates and Uncertainties
Peak P Conditions
Peak P conditions for sample D126A, determined by intersection between the Zrin-Rt thermometer and maximum Si in Phe isopleths, are estimated at ~28.5 kbar, ~675
°C, and are within the UHP zone (Fig. 25; Table 2). These findings are consistent with
previous (U)HP estimates from the Dulan area (Yang et al., 2001a; Song et al., 2003b;
Zhang et al., 2008, 2009a, 2010a, 2010b; Regel, 2014). Si content in phengite is the most
P-sensitive compositional indicator in D126A, thus, the isopleths calculated for the
maximum Si represent the best estimate of peak P conditions recorded in the eclogite
sample (Carswell et al., 2000). Regel (2014) interpreted the matrix Zr-in-Rt temperatures
of D126A to represent peak eclogite facies metamorphism based on petrographic
textures. Rutiles are present as matrix grains and inclusions, suggesting they formed in
equilibrium with the predicted peak mineral assemblage, Grt + Omp + Phe + Lws + Coe,
and therefore the Zr-in-Rt temperatures are the best estimates of the peak T conditions
(Regel, 2014).
Peak P calculations using the Grt-Omp-Phe barometer and Grt-Omp Fe-Mg
thermometer (Ravna and Terry, 2004) agree with the maximum P estimated by the Si in
Phe isopleths (~27.9-29.4 kbar) and are within error of the maximum T estimated by the
Zr-in-Rt thermometer isopleth (~650-675 °C). Even though the calculated Grt-Omp FeMg thermometer agrees with the Zr-in-Rt thermometer, the main problem with the Grt71

Omp Fe-Mg thermometer is the uncertainty related to the oxidation state of Fe (Ravna
and Terry, 2004). In almost all cases, including the presented study, data are only
available for total whole-rock iron. The amount of iron in a mineral present as Fe2+ and
Fe3+ is unknown and therefore has to be calculated (Ravna, 2000). Give the ferric iron
uncertainty with the Grt-Omp Fe-Mg thermometer, the intersection between the Zr-in-Rt
thermometer and max Si in Phe isopleths is interpreted as the best estimate for peak P
conditions.
Peak P conditions using the avePT method in the program THERMOCALC
(Powell and Holland, 1994) agree with the peak P estimated by the intersection between
the Zr-in-Rt thermometer and maximum Si in Phe isopleths, with THERMOCALC
calculating an average P of ~28.5 ± 5.8 kbar at 675 °C (Fig. 25; see Table B1). P error is
relatively low when calculated at low T (±2.1 to ±2.2 kbar at 550 °C), but P error
increases as T increases (±6.3 to ±8.8 kbar at 750 °C, highest calculated T; see Table B1).
The large error in P is likely a result of incorporating zoisite compositions in the avePT
calculation. The calculation assumes that zoisite is part of the peak mineral assemblage,
but the pseudosection suggests zoisite is a retrograde mineral. Therefore, including a
mineral that may not be in equilibrium with the peak assemblage will yield a poorer fit.
Given this uncertainty with the avePT calculation, the intersection between the Zr-in-Rt
thermometer and maximum Si in Phe isopleths remains the primary estimate for peak P
conditions.
The UHP conditions of D126A are supported by a possible coesite pseudomorph,
present as a tabular inclusion between the mantle and rim zones of a garnet porphyroblast
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(Fig. 9). Its location within the garnet porphyroblast indicates UHP conditions were met
at, or before, peak P conditions. The tabular shape of the possible coesite pseudomorph is
consistent with the crystal form of coesite, and is very atypical for quartz. However, the
possible coesite pseudomorph does not exhibit polycrystalline texture nor are radial
fractures present in the host garnet; both textures are expected to form as a rock is
exhumed (Chopin, 1984; Yang et al., 2001a; Zhang et al., 2009a, 2010b). Further
retrogression can cause polycrystalline quartz to reform into monocrystalline quartz,
however, only palisade quartz texture (quartz grains that grow inward nearly
perpendicular to the surface of the grain) is diagnostic of a coesite pseudomorph (Hacker
and Peacock, 1995). Future studies will need to search for inclusions with diagnostic
textures or preserved coesite in order to provide more textural evidence of the predicted
UHP conditions experienced by Dulan eclogite samples, such as D126A.
Prograde and Retrograde P-T Path
Uncertainties in the D126A prograde P-T path, as well as the retrograde P-T path,
are derived from solution models and uncertainties in the appropriate bulk composition.
Further uncertainties are due to changes in garnet vol.% due to resorption, as well as the
possible role of disequilibrium.
Solution models are simplifications of complex natural systems and are unable to
accurately reproduce all the complexities in nature. Some characteristics of solution
models (e.g. Fe3+ predictions) are not well constrained, and therefore the model may have
difficulty properly predicting some solution phases (de Capitani and Petrakakis, 2010).
Pseudosections are more sensitive to solution models when a rock only has a few phases
and/or is dominated by one phase, which can skew the predicted stability of other phases.
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Sample D5B is dominated by a high abundance of large garnet porphyroblasts, which
contributes to uncertainties in the pseudosection (see Appendix C). In contrast, D126A is
not dominated by one phase, and the solution models picked for D126A (i.e. the garnet
solution model, Gt(HP); Table 7) are widely applied and can be compared with other
studies.
Uncertainties in the pseudosection also arise from assumptions about the effective
bulk composition, which is defined as the composition that equilibrated at a particular
stage of the rock’s history. For D126A, the effective bulk composition sensitivity of the
models was evaluated by comparing pseudosections calculated from XRF data (see Fig.
B1) and mode-based bulk-rock compositions from each of the two thin sections. The
resulting pseudosections produced similar results, suggesting that slight changes in the
bulk composition do not greatly affect the pseudosection models.
The pseudosection models assume the input bulk composition represents a fully
equilibrated closed system. However, zoned minerals or inclusion of relict phases
indicate that parts of the rock did not fully equilibrate (Connolly and Petrini, 2002),
therefore to model the bulk composition, non-equilibrated phases should be excluded. For
D126A, the effect of garnet fractionation (zoning) was investigated by calculating a
pseudosection whose garnet component of the bulk composition only included the rim
composition (see Fig. B2). The pseudosection produced results very similar to the
preferred pseudosection (Fig. 22). Likewise, the predicted P-T conditions where the
garnet rim composition equilibrated is also similar to the preferred pseudosection, ~26
kbar and ~26 kbar, ~600 °C (see Fig. B2) vs. 25.7 kbar, 608 °C (Fig. 22; Table 10),
suggesting garnet fractionation does not have a strong effect on the P-T results.
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Mineral zoning or incomplete reactions may be more significant early in P-T path
with minerals such as omphacite presumably recording zoning. However, there is no
textural evidence preserved from the early P-T stages of D126A, so the effective bulk
composition can’t be calculated for those early stages (Connolly and Petrini, 2002; de
Capitani and Petrakakis, 2010). Additional uncertainties occur along the retrograde P-T
path because the calculations for the effective bulk composition are incomplete due to the
poor development of the retrograde assemblage. D126A is significantly dominated by the
peak mineral assemblage (i.e. Grt + Omp + Phe), and the majority of the rock has not
been replaced by the retrograde assemblage. The underdeveloped retrograde assemblage
results in a greater uncertainty in the P-T of the retrograde P-T path, as opposed to the
prograde P-T path (Fig. 22).
The prograde P-T path relies on two observations, the garnet vol.% and grossular
compositions that are preserved and can be measured up to peak P conditions. The
selected garnet porphyroblasts, used to calculate the prograde P-T paths, appear to
represent the compositions up to the rim zone, but only the observed garnet vol.% of the
rim zone can be estimated. Based on the retrograde mineral assemblage, the amount of
garnet in the observed rock should be less than what was present at peak P conditions.
The model predicts that at peak P conditions, predicted by the Zr-in-Rt thermometer and
maximum Si in Phe isopleths, the abundance of garnet reaches ~42-43 vol.% (Table 10).
The observed garnet vol.% suggests the rims may have experienced resorption, which
either partially, or completely, removed the rim zone, decreasing the modal abundance of
garnet (Fig. 22). Since garnet has likely experienced resorption, the peak P conditions are
underestimated by the grossular-garnet vol.% intersection method. Therefore, the
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intersection between the Zr-in-Rt thermometer and maximum Si in Phe isopleths is the
primary estimate for peak P conditions.
As detailed in the Results section, the prograde P-T path for sample D126A has a
P reversal of ~1 kbar between ~530-610 °C (Figs. 22 and 27; points 3-5). The P reversal
is predicted from the fluctuations in Ca (grossular) values through the mantle and rim
zones of garnet. These Ca fluctuations are interpreted to have recorded one of two events
that would have occurred during subduction, either yo-yo subduction (Rubatto et al.,
2011) or elemental disequilibrium in Ca (Chernoff and Carlson, 1999; Carlson, 2002).
Yo-yo subduction is the process of multiple subduction and exhumation events occurring
within a single subduction zone (Rubatto et al., 2011). Such burial-exhumation cycles
could result from a subducted slab being partially exhumed then re-subducted due to
processes such as large scale convective flow in the subducting channel or a subsequent
subduction event (Cloos and Shreve, 1988; Gerya et al., 2002; Brueckner, 2006; BlancoQuintero et al., 2011). Eclogites in the Dulan area record ~20 Ma of UHP conditions
(Zhang et al., 2010b), and yo-yo subduction could provide an explanation for such a long
duration of UHP conditions.
An alternative interpretation for the P reversal is chemical disequilibrium, which
is a result of the inability of a specific element to be in equilibrium on the hand sample
scale due to a relatively slow diffusion rate, resulting in diffusion-limited growth (e.g. Ca;
Chernoff and Carlson, 1999). If Ca were unable to equilibrate throughout the hand
sample, the garnet Ca fluctuation would only be present within local garnet populations
instead of throughout the whole-rock. Furthermore, if the rate of Ca diffusion were not
able to keep pace with the growth of a garnet zone, the abundance of Ca would be lower
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in that specific zone of garnet. However, the garnet Ca fluctuation in D126A is present
within multiple garnet porphyroblasts throughout the whole-rock (Figs. 9 and 10),
suggesting Ca equilibrated rock-wide. Therefore, yo-yo subduction is the preferred
interpretation for the P reversal, but further research is needed to evaluate the potential
significance of chemical disequilibrium.
Comparison with Previous P-T Path Studies
Apart from this research, only Zhang et al. (2010a) has investigated the prograde
P-T path of samples from the Dulan area of the North Qaidam terrane. Zhang et al
(2010a) calculated temperature constraints using Zr-in-Rt thermometry (Tomkins et al.,
2007) from rutile inclusions in the core and rim zones of garnet. Pressure for the
beginning of the path was calculated using Grt-Amp-Pl-Qtz barometry (Kohn and Spear,
1990) utilizing inclusions of amphibole and plagioclase within garnet porphyroblasts, and
peak pressure conditions originate from Song et al. (2003b). From those calculations,
Zhang et al. (2010a) produced a nearly isothermal prograde P-T path from lower crustal
to mantle conditions (Fig. 33), which is significantly different from prograde paths
predicted from thermal models and reported from P-T studies of most natural samples
(Syracuse and Abers, 2006; Groppo and Castelli, 2010; Syracuse et al., 2010).
The amphibole and plagioclase inclusions inside garnet porphyroblasts, used in
Zhang et al.’s (2010) Grt-Amp-Pl-Qtz barometry calculations for the beginning of the PT path, may not be representative of the prograde equilibrium assemblages, but may have
instead grown from retrograde reactions (Whitney, 1996). When garnet grows with
increasing P and T, it is assumed to behave as a closed system. But when garnet fractures,
its interior and mineral inclusions may react with matrix phases, resulting in garnet
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Figure 33: Comparison of D126A P-T paths with previous constraints. Peak and
retrograde constraints same as Fig. 6. D126A prograde P-T path 1 is compared to the
prograde P-T path calculated by Zhang et al., (2010a). The two proposed D126A
retrograde P-T paths are compared to retrograde P-T conditions and paths calculated by
Song et al., (2003b), Regel (2014), and Fagin (2015). NDB = North Dulan Belt, SDB =
South Dulan Belt as defined by Song et al. (2003b). Modified from Christensen (2011)
and Regel (2014).
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behaving as an open system (Whitney, 1996). Therefore, the P conditions calculated from
the amphibole and plagioclase inclusions of Zhang et al. (2010a) may not be an accurate
representation of the initial P conditions for the prograde path.
Further evidence that is not consistent with the nearly isothermal prograde P-T
path proposed by Zhang et al. (2010a) is the lawsonite pseudomorph in sample D5A (Fig.
19). The lawsonite pseudomorph is textural evidence that lawsonite was stable along the
prograde P-T path, which is not compatible with the P-T path proposed by Zhang et al.
(2010a). Given the uncertainty with the Grt-Amp-Pl-Qtz barometry calculation and the
lawsonite pseudomorph in sample D5A, the prograde P-T path proposed for D126A is
interpreted to provide a better representation of the Dulan area prograde P-T path.
The D126A isothermal retrograde P-T path agrees with the nearly isothermal
retrograde P-T path of eclogites from Song et al. (2003b) and retrograde P-T conditions
estimated with the mafic band in a calc-silicate gneiss from Fagin (2015) (Fig. 33; Table
2). The D126A isothermal retrograde P-T path does end at higher P than the Fagin (2015)
calc-silicate gneiss, but the isothermal path could continue to the Fagin (2015) P-T
conditions as a continuous path. Sample D126A, the Fagin (2015) calc-silicate gneiss,
and the Song et al. (2003b) eclogites were all sampled from the North Dulan Belt (Fig.
34), and have likely experienced a similar exhumation history. Therefore, given the P-T
constraints and locational similarities between the D126A, Fagin (2015), and Song et al.
(2003b) retrograde paths, the isothermal retrograde P-T path is the preferred retrograde
interpretation.
The P-T conditions estimated from the D126A cooling retrograde P-T path do not
agree with a nearly isothermal retrograde path proposed by previous studies. The cooling
79

Figure 34: Location of samples used for P-T path comparison with D126A. Song et al.
(2003b) eclogites were sampled from the North Dulan Belt. North Dulan Belt “NDB” and
South Dulan Belt “SDB” show sub-belts as defined by Song et al. (2003b).

retrograde P-T path agrees with the P-T estimates of an eclogite sample from Regel
(2014), but the cooling retrograde P-T path trends toward cooler T conditions (Fig. 33).
However, the P-T estimates from the Regel (2014) eclogite may also support the P-T
conditions proposed by the D126A isothermal retrograde path, since Regel (2014)
estimates retrograde P-T conditions nearly equidistant from the isothermal and cooling
paths (Fig. 33). Future work will need to better constrain the retrograde P-T conditions of
D126A in order to determine which of the proposed retrograde paths, isothermal or
cooling, best represent exhumation of the sample. But, the isothermal retrograde P-T path
is the preferred interpretation as it best agrees with previous studies.
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Fluid Release Interpretations
The two possible retrograde P-T paths, isothermal and cooling predict different
dehydration and mineral growth histories that lead to the equilibration of the retrograde
mineral assemblage. Along the isothermal retrograde path, the rate of dehydration spikes
at ~510 kg/m3/Myr (Cascadia rate) as the sample crosses the Lws-out/Zo-in boundary,
losing ~0.33 wt% H2O (Figs. 22 and 27, point 8, and 30; Table 10). The large pulse in
dehydration should promote the equilibration of the peak recorded assemblage (Wei et
al., 2013). The pseudosection predicts that the sample rehydrates at a slow rate (~2-3
kg/m3/Myr) as it continues along the P-T path, if H2O is available. But, H2O would
probably not be available because the breakdown of lawsonite would have released
nearly all the available H2O from the sample. Therefore, an external H2O source would
be needed to grow the hydrous minerals predicted late along the P-T path (Guiraud et al.,
2001). The retrograde path crosses the Si in Phe isopleths from the phengite population
within quartz rich regions nearly half way between the peak and retrograde points (Figs.
22 and 27, points 8 and 9). This suggests the quartz rich regions would have grown
relatively early in the retrograde history, but the P-T location of the Si in Phe isopleths
may not be accurately represented by the pseudosection since the whole-rock had not yet
equilibrated to retrograde P-T conditions. When the sample crosses the Amp-in
boundary, a large influx of H2O, from an outside source, would have to infiltrate the rock
to produce the observed retrograde assemblage (Figs. 22 and 27, point 9, and Fig. 30;
Table 10). The large influx of H2O is interpreted to promote the growth of large zoisite
porphyroblasts, amphibole grains, and quartz rich regions. During late exhumation stages,
presumably beyond the extent of the model, other retrogressive textures, such as the
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amphibole + clinopyroxene + plagioclase symplectite between omphacite grains, would
develop as conditions became dryer.
The cooling retrograde P-T path is predicted to experience rehydration at a rate of
~15-30 kg/m3/Myr (Cascadia rate) as the sample decreases in P-T, from peak conditions,
following the lawsonite side of the lawsonite/zoisite boundary. The rehydration rate is
predicted to increases further, to ~215 kg/m3/Myr (Cascadia rate), as the P-T path crosses
the amphibole-in boundary (Figs. 26 and 32, point 7, and 31). However, this predicted
rehydration would require free H2O to be available within the sample or for an influx of
H2O from an outside source to enter the sample (Guiraud et al., 2001). Therefore, the
peak mineral assemblage would record the minimum amount of H2O in the rock and
likely no free H2O would be available for rehydration as the path decreases in P and T.
As the sample crosses the Lws-out/Zo-in boundary, the dehydration rate is predicted to
spike at ~1585 kg/m3/Myr, releasing ~0.78 wt.% H2O (Figs. 26 and 32, point 8, and 31;
Table 10). However, the large spike in H2O release rate assumes the sample has been
continually rehydrating along the P-T path, and as discussed above, that would only
occur if free H2O were available (Guiraud et al., 2001). The sample would likely remain
at the H2O wt.% attained at peak P conditions until the P-T path crosses the Lws-out/Zoin boundary, at which point the H2O release rate spike would presumably resemble the
H2O release rate spike calculated at the Lws-out/Zo-in boundary along the isothermal
retrograde P-T path (~510 kg/m3/Myr). When the P-T path crosses the Lws-out/Zo-in
boundary, it also crosses the Si in Phe isopleths of the phengite within the quartz rich
regions (Fig. 26), suggesting the quartz rich regions grew late during retrogression. The
H2O released from the dehydration of lawsonite, and/or H2O infiltration from an outside
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source, are interpreted to promote the growth of zoisite porphyroblasts, amphibole grains,
and quartz rich regions.
The pseudosection predicts lawsonite being present during the prograde, peak,
and part of the retrograde path, but neither lawsonite, nor its pseudomorph, are present in
the D126A sample. The presence of lawsonite in eclogite is rare and has only been
reported in a few high-P, low-T terranes (Zack et al., 2004; Tsujimori et al., 2006;
Whitney and Davis, 2006). Despite experimental and theoretical phase relationships in
basaltic systems predicting that lawsonite eclogite should be common in subducting crust
(Poli and Schmidt, 1995; Schmidt and Poli, 1998), they are not more commonly
preserved in exhumed rocks because they require rapid exhumation with significant
cooling and for the H2O wt.% of the rock to be relatively high (Clarke et al., 2006).
Lawsonite’s absence in D126A can be attributed to the continual dehydration of the
mineral along the prograde P-T path, which would consume the majority of lawsonite
(Figs. 30 and 31). Any remaining lawsonite would breakdown along either retrograde P-T
path, either early along the isothermal path (Figs. 22 and 30) or late along the cooling
retrograde path (Figs. 26 and 31), once the Lws-out/Zo-in boundary is crossed (Wei et al.,
2013). As D126A experiences further exhumation, any remaining textural evidence of
lawsonite would be overwritten by retrograde textures and minerals (Wei et al., 2013).
The only physical evidence of lawsonite in the Dulan area is preserved as lawsonite
pseudomorph inclusions in garnet porphyroblasts, an example of which is observed in
sample D5A, located north of D126A (Figs. 4 and 19).
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Implications for Zircon Geochronology
The growth or recrystallization of zircons in metamorphic rocks is interpreted to
require the presence of H2O-rich fluid (or melt) (Rubatto and Hermann, 2003, 2007;
Harley et al., 2007). For D126A, H2O release rate spikes at two locations along the P-T
path, i.e. where amphibole and lawsonite completely break down (Figs. 30 and 31). The
higher fluid availability at these times is expected to promote the growth or
recrystallization of zircon. Cathodoluminescence images of D126A zircon show two
stages that may correspond to the two predicted fluid release spikes, but the U-Pb
analyses were unable to resolve an age difference due to low precision and a limited
number of analyses of the outer zone (Regel, 2014). Garnet grown at the P-T conditions
of the fluid release spikes should show REE equilibrium with the zircon, a prediction that
can be tested by future work.
Implications for Subduction Zone Processes
The H2O released from D126A, along the calculated P-T path, occurs at depths
attributed to subduction zone processes such as intermediate-depth earthquakes (~60-300
km; Hacker et al., 2003b; England et al., 2004; Syracuse and Abers, 2006) and the
production of arc magmas (Grove et al., 2009, 2012). Dehydration rate calculations
predict that H2O release rates vary substantially along the P-T path (Figs. 30 and 31), a
prediction that has not been investigated in previous work. The spikes in H2O release rate
could promote the migration of fluids longer distances, resulting in the channelization of
fluid flow along fractures and significant mass transfer into the hanging wall (Bebout and
Penniston-Dorland, 2016). The build-up of fluid pressure and seismic failure are strongly
related to the migration of fluids (Husen and Kissling, 2001; Saffer and Wallace, 2015),
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and spikes in fluid release rate could rapidly increase fluid pressures, which could induce
subduction zone earthquakes.

85

CHAPTER VI
CONCLUSION
The Dulan eclogite examined in this study experienced the release of fluids
through the breakdown of hydrous minerals. The prograde P-T path of D126A was
calculated by the intersection of grossular and garnet vol.% isopleths, that represent each
garnet zone, and peak P was constrained by the intersection between the Zr-in-Rt
thermometer and maximum Si in Phe isopleths. The P-T path begins at 16 kbar, 370 °C
and reaches peak P conditions at 28.5 kbar, 675 °C. The prograde P-T path predicts a
pressure reversal interpreted to represent either Ca disequilibrium during garnet growth
(Chernoff and Carlson, 1999; Carlson, 2002) or yo-yo subduction (Rubatto et al., 2011).
The retrograde P-T path, calculated by the intersection of the calculated rock
garnet and zoisite vol.% isopleths, is predicted to follow either an isothermal or cooling
retrograde P-T path. The isothermal retrograde path crosses the Lws-out/Zo-in boundary
early, indicating a large amount of H2O was released from the sample. Further along the
isothermal retrograde path, an influx of H2O from an outside source is predicted to enter
the rock, promoting the growth of zoisite porphyroblasts, amphibole, and quartz rich
regions. The cooling retrograde path decreases in P-T along the Lws-out/Zo-in boundary
before crossing the boundary late along the path and releasing H2O, which is predicted to
help the growth of zoisite porphyroblasts, amphibole and quartz rich regions. The present
rock assemblage is predicted to have last equilibrated between ~17-21 kbar and ~611-675
°C.
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The modeled rate of slab dehydration spikes of 560 kg/m3/Myr and 510
kg/m3/Myr (calculated with the Cascadia subducting rate) associated with the breakdown
of amphibole and lawsonite, respectively. Such increases in available fluid from the
breakdown of amphibole or lawsonite could act as a catalyst for the growth of zircon
(Usui et al., 2003; Mattinson et al., 2006). Evidence of lawsonite is present in sample
D5A, and other samples, as blocky, polycrystalline clinozoisite pseudomorphs included
within garnet porphyroblasts. The presence of lawsonite pseudomorphs supports the
prediction of lawsonite along the prograde P-T and that a significant amount of
dehydration occurred when crossing the Lws-out/Zo-in boundary (0.33 wt.% H2O).
The majority of H2O released from sample D126A, along the calculated P-T path,
occurs within the depth range of intermediate depth earthquakes (~60-300 km; Hacker et
al., 2003b; England et al., 2004; Syracuse and Abers, 2006). Intermediate depth
earthquakes and the production of arc magma are attributed to the release of fluids from
subducting slabs (Grove et al., 2009, 2012). The H2O release rates along the P-T path of
D126A vary substantially and are associated with the breakdown of hydrous minerals.
Spikes in H2O release rate could promote fluids to migrate longer distances along
fractures, increase fluid pressures and seismic failure, and increase mass transfer of fluid
into the hanging wall.
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APPENDIXES
Appendix A
Reconstructed Bulk-Rock Composition
Reconstructed bulk-rock compositions were calculated using a combination of
individual mineral volume percent estimates (Table 5), averages of EMP analyses (Table
4B, C3, and D2), and estimates of mineral densities. The density of garnet zones was
calculated from weighted means of almandine, grossular, pyrope, and spessartine (Nesse,
2000). Other mineral densities were also estimated from Nesse (2000), and solid solution
end members of each mineral were treated as weighted averages. Each mineral’s mass
contribution was calculated by multiplying its density (Table 6 and C1, column 1) by its
volume percent (Table 6 and C1, column 2). The weight percent of each mineral (Table 6
and C1, column 4) was calculated by dividing the mass contribution of each mineral
(Table 6 and C1, column 3) by the whole-rock density (Table 6 and C1, sum at the
bottom of column 3). Multiplying each mineral’s weight percent (Table 6 and C1,
column 4) by the mineral’s oxide content (e.g. SiO2, Al2O3, etc.; averaged from EMP
analyses) equals the oxide weight percent contribution of each mineral toward the wholerock composition (Table 6 and C1, columns 5-13). The sum of the oxide weight percent
contribution of each mineral equals the reconstructed mode-based bulk-rock composition
(Table 6 and C1, totals of columns 5-13). In addition to the bulk-rock composition, ferric
iron (Fe3+/Fetotal) was calculated in order to determine the amount of extra O2 to add to
the pseudosection models. First, the molar weight of 0.5 O was divided by the molar
weight of FeO. The result was multiplied by the total amount of FeO in the sample and
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then multiplied by the percent of Fe to be converted to Fe3+/Fetotal, i.e. 2% (Table 6 and
C1, bottom of column 4 under total).
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Appendix B
D126A XRF Pseudosection, Garnet Fractionation Pseudosection, X-ray Maps, Garnet
EMP Transects, avePT THERMOCALC Data, and Grt-Omp-Phe Thermobarometry Data

Figure B1: D126A XRF pseudosection mineral assemblages. Constructed from XRF data
(see Table 3). Model of chemical system MnNCKFMASHO, assuming H2O saturation.
The observed mineral assemblage is patterned. Mineral-in boundaries are colored and
labels are positioned on the side of the line in which the mineral is present.
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Figure B2: D126A garnet fractionation pseudosection. The model excludes garnet’s core
and mantle abundances and compositions. Model of chemical system MnNCKFMASHO,
assuming H2O saturation. The observed mineral assemblage is patterned. Maximum
isopleths are portrayed as dotted lines and minimum isopleths are portrayed as bold lines.

100

Figure B3: Additional D126A X-ray maps. A: RGB X-ray map, Red = Fe, Green = Mg,
Blue = Ca. Higher intensity of a color = higher abundance of that element. (B and C)
Backscattered electron images.
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Figure B4: Additional D126A garnet compositional profiles. Located in Fig. 9A and B.
Garnet zones separated by dashed lines. Gaps in the data represent data points that were
removed because they were not consistent with the mineral composition (i.e. the spots
overlapped cracks or inclusions).
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Appendix C
D5B Pseudosection, Reconstructed Bulk-Rock Calculations, EMP Data, and Solid
Solution Models
The composition system NCKFMASHTO (Na2O-CaO-K2O-FeO-MgO-Al2O3SiO2-H2O-TiO2-O2) was modeled for both D5B pseudosections (Table 8; Fig. C1 and
C2). TiO2 was included due to the high abundance of large rutile grains and inclusions of
ilmenite, with rutile, in garnet porphyroblasts (Fig. 14). MnO was not included because
models with MnO did not significantly change field boundaries/assemblages. O2 (0.034
wt%) was added to the compositional system to represent 2% of Fe3+/Fetotal, enabling the
pseudosection to predict epidote. Additional O2 concentrations were tested, representing
0%, 5%, and 10% of Fe3+/Fetotal. 0% Fe3+/Fetotal does not significantly change field
boundaries/assemblage, however it is highly unlikely the system contains 0% Fe3+/Fetotal.
5% Fe3+/Fetotal extended the P-T range of the peak P assemblage (garnet, omphacite,
biotite, rutile, and ilmenite) to cover over half the P-T field (20-30 kbar and ~590-800
°C). 10% Fe3+/Fetotal predicted minerals in the peak P assemblage that are not in the
present sample (kyanite, quartz, and coesite). The mineral assemblage used for bulk-rock
composition calculations includes garnet core, mantle, and rim, omphacite, phengite,
amphibole, and rutile (see Table C4). The P-T constraints of the observed mineral
assemblage varies between the two pseudosections. The mineral assemblage at the
maximum P-T conditions (Grt + Omp + Bt + Rt + Ilm) matches the assumed peak P
assemblage in the sample. But, peak P conditions were unable to be constrained using
garnet vol.% and grossular isopleth intersections.
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Figure C1: D5B pseudosection using whole garnet compositions. Model of chemical
system NCKFMASHTO (see Table 8), assuming H2O saturation. Observed mineral
assemblage is patterned. Mineral-in boundaries are colored and labels are positioned on
the side of the line in which the mineral is present.
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Figure C2: D5B garnet rim pseudosection. Model of chemical system NCKFMASHTO
(see Table 8), assuming H2O saturation. Mineral-in boundaries are colored and labels are
positioned on the side of the line in which the mineral is present. Mineral assemblages
contain the minerals mentioned above the model, unless otherwise noted with a (-)
preceding the mineral name. Additional mineral assemblages are labeled below the
model.
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Appendix D
D5A Pseudosection, X-ray Maps, and EMP Data
The composition system NCFMASHO (Na2O-CaO-FeO-MgO-Al2O3-SiO2-H2OO2) was modeled for the D5A pseudosections (Table 8; see Fig. D1). Multiple
pseudosections were calculated for D5A, using many different solid solutions, assuming
no H2O saturation, varying the ferric iron content from 0-10% Fe3+/Fetotal, and including
and/or excluding chemical compounds. However, a pseudosection that does not predict
amphibole in the expected peak P mineral assemblage was unable to be calculated.
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Figure D1: D5A pseudosection mineral assemblages. Model of chemical system
NCFMASHO (see Table 8), assuming H2O saturation. Observed mineral assemblage
could not be modeled. Mineral-in boundaries are colored and labels are positioned on the
side of the line in which the mineral is present. NaPhl = sodium phlogopite
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Figure D2: Additional D5A and D5B X-ray maps. A: D5A RGB X-ray map, Red = Fe,
Green = Mg, Blue = Ca. Higher intensity of a color = higher abundance of that element.
B: D5B Backscattered electron image.
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